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An Analysis of Linkage Disequilibrium in the Interleukin-1 Gene Cluster,
Using a Novel Grouping Method for Multiallelic Markers
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Gordon W. Duff
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Summary

In population- and family-based association studies, it
is useful to have some knowledge of the patterns of
linkage disequilibrium that exist between markers in
candidate regions. When such studies are carried out
with multiallelic markers, it is often convenient to group
the alleles into a biallelic system, for analysis. In this
study, we specifically examined the interleukin-1 (IL-1)
gene cluster on chromosome 2, a region containing can-
didates for many inflammatory and autoimmune dis-
orders. Data were collected on eight markers, four of
which were multiallelic. Using these data, we investi-
gated the effect of three allele-grouping strategies, in-
cluding a novel method, on the detection of linkage dis-
equilibrium. The novel approach, termed the “d

method,” measures the deviation from the expected hap-
lotype frequencies under linkage equilibrium, for each
allelic combination. This information is then used to
group the alleles, in an attempt to avoid the grouping
together of alleles at one locus that are in opposite dis-
equilibrium with the same allele at the second locus. The
estimate haplotype frequencies (EH) program was used
to estimate haplotype frequencies and the disequilibrium
measure. In our data it was found that the d method
compared well with the other two strategies. Using this
method, we found that there was a reasonable corre-
lation between disequilibrium and physical distance in
the region ( , , one-tailed). We alsor 5 2.540 P 5 .001
identified a common, eight-locus haplotype of the IL-1
gene cluster.
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Introduction

Genetic association studies provide a powerful tool for
fine-mapping disease loci (Lander and Schork 1994;
Copeman et al. 1995; Weeks and Lathrop 1995). These
studies test for an association, assumed to be present
because of linkage disequilibrium between the marker
locus and a putative disease locus. It is therefore very
useful to have some prior knowledge of the degree of
disequilibrium in any candidate gene regions and of any
common multimarker haplotypes present in the normal
population. This information is important since it can
indicate the density of markers required to cover a region
for analysis. Regions of relatively weak linkage dise-
quilibrium will require marker maps that are denser than
those for regions where the disequilibrium is strong.
Also, knowledge of which specific alleles at two loci are
in linkage disequilibrium can be used to reduce the num-
ber of tests necessary when mapping the position of max-
imum association across a region. Prior hypotheses can
be formed regarding which allele to test at a multiallelic
locus by consideration of the linkage disequilibria with
alleles at a neighboring locus that has already been
analyzed.

It has been shown by Jorde et al. (1994) that over
distances of 50–500 kb there is generally a good cor-
relation between linkage disequilibrium and physical dis-
tance. However, at !50 kb this relationship breaks
down, presumably because of the fact that over short
distances the effects of mutation, genetic drift, and pop-
ulation admixture outweigh those of recombination. In
addition, some genomic regions depart from these gen-
eral rules (e.g., the b-globin region; Chakravarti et al.
1984), and the linkage disequilibrium may be greater
within genes than in intergenic regions (Jorde et al.
1994). It might be expected that microsatellite markers,
because of their higher mutation rate, would contribute
more to the disequilibrium in a particular genomic re-
gion than do biallelic markers, but this has been shown
not to be the case in at least one instance (Watkins et
al. 1994). Several other factors affect the detection of
disequilibrium; for example, the power to detect dise-
quilibrium is low when the disequilibrium is in the neg-
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Figure 1 Polymorphic loci in the IL-1 gene cluster

Table 1

Estimated Frequencies of Marker Alleles

ALLELE

NO.

MARKER ALLELE FREQUENCY (ALLELE SIZE, IN MOBILITY UNITS)a

222/223
[ ]N 5 384

gz5/gz6
[ ]N 5 392

2889
[ ]N 5 398

13953
[ ]N 5 398

2511
[ ]N 5 398

gaat
[ ]N 5 404

Y31
[ ]N 5 370

VNTR
[ ]N 5 398

1 .005 (126) .003 (79) .714 .812 .618 .659 (189) .091 (148) .744
2 .018 (128) .005 (82) .286 .188 .382 .002 (193) .008 (158) .256
3 .378 (130) .676 (88) ) ) ) .255 (197) .454 (160) )
4 .299 (132) .316 (91) ) ) ) .084 (201) .062 (162) )
5 .016 (134) ) ) ) ) ) .003 (164) )
6 .208 (136) ) ) ) ) ) .122 (166) )
7 .055 (138) ) ) ) ) ) .035 (168) )
8 .003 (140) ) ) ) ) ) .030 (170) )
9 .010 (142) ) ) ) ) ) .095 (172) )
10 .008 (144) ) ) ) ) ) .086 (174) )
11 ) ) ) ) ) ) .003 (176) )
12 ) ) ) ) ) ) .011 (178) )

NOTE.—Frequency estimates are determined directly from the sample, not from haplotype frequencies.
a N 5 no. of chromosomes.

ative direction (when the rare allele at one locus is as-
sociated with the common allele at the other; Thomson
et al. 1988), and, when multiallelic markers are used,
the method of grouping markedly affects the power to
detect disequilibrium (Weir and Cockerham 1978).

In the present study, we have tried to maximize the
detection of disequilibrium involving multiallelic mark-
ers by using a novel grouping strategy, the d method,
which takes into account available information about
the disequilibrium between individual alleles at adjacent
loci before grouping alleles together. We have compared
this method with two other, simpler grouping methods,
using data on eight markers in the interleukin-1 (IL-1)
gene cluster on the long arm of chromosome 2 (2q13).
The cluster contains the genes for IL-1a (IL1A), IL-1b

(IL1B), and the IL-1 receptor antagonist (IL1RN),
within a region of 430 kb (Nicklin et al. 1994). As part
of an ongoing study of the role of the IL-1 gene family
in autoimmune and inflammatory diseases, we have
identified a number of biallelic and multiallelic markers
in and around the IL-1 genes (di Giovine et al. 1992;
Tarlow et al. 1993; McDowell et al. 1995; Clay et al.
1996; Spurr et al. 1996). We show that there is moderate

linkage disequilibrium across the region and identify a
common haplotype in the healthy Caucasian population
studied here.

Subjects and Methods

Subjects

Subjects genotyped for disequilibrium analysis were
unrelated, healthy blood donors from Sheffield (n 5

) and from Manchester ( ). They were all of112 n 5 100
Caucasian origin. This study was carried out with the
approval of the South Sheffield Ethics Committee, and
informed consent was obtained from all subjects. Family
haplotype studies were carried out on samples from the
first 20 families of the Arthritis and Rheumatism Council
for Research National Repository (Worthington et al.
1994).

Genotyping

The positions of the marker loci are shown in figure
1. The microsatellite markers 222/223, gz5/gz6 (in
IL1A), and gaat.p33330 (gaat) were identified from the
Genome Database (http://gdbwww.gdb.org/). Marker
Y31 is a novel microsatellite identified by screening of
a YAC contig spanning the IL-1 gene cluster (Spurr et
al. 1996).

Microsatellite PCRs were carried out by use of fluo-
rescently labeled forward primers (Cruachem) in a 10-
ml reaction volume containing 50 mM KCl, 10 mM Tris-
HCl, pH 9.0, 1.5 mM MgCl2, 200 mM dNTPs, 25 ng
each primer, 50 ng DNA, 0.004% W-1 (Gibco-BRL),
and 0.2 units Taq polymerase. The PCR conditions were
947C for 1 min, 557C for 1 min, and 727C for 1 min,
for 30 cycles. One unit Perfect Match (Stratagene) was
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Table 2

Calculation of dij for the Loci Pair 222/223 and gz5/gz6

HAPLOTYPE

oij eij dij222/223 gz5/gz6

3 3 132.4898 97.1348 3.587
3 4 7.0102 41.6854 25.371
4 3 17.6340 72.1573 26.419
4 4 86.3660 30.9663 9.956
5 3 .0000 (4.1629) (22.040)
5 4 6.0000 (1.7865) (3.152)
6 3 69.8762 51.3427 2.587
6 4 3.6238 22.0337 23.922
7 3 18.0000 12.4888 1.560
7 4 .0000 5.3596 22.315

NOTE.—Parentheses indicate and (see text).1.0 X e ! 5.0 d 1 1.0ij ij

added to gz5/gz6 PCRs. The primer sequences were as
follows: for 222/223, 5′-ATG TAT AGA ATT CCA TTC
CTG and 5′-TAA AAT CAA GTG TTG ATG TAG; for
gz5/gz6, 5′-GGG ATT ACA GGC GTG AGC CAC
CGCG and 5′-TTA GTA TTG CTG GTA GTA TTC
ATAT; for gaat, 5′-GAG GCG TGA GAA TCT CAA GA
and 5′-GTG TCC TCA AGT GGA TCT GG; and, for
Y31, 5′-GGG CAA CAG AGC AAT GTT TCT and 5′-
CAG TGT GTC AGT GTA CTG TT. A sample of PCR
product was examined by agarose-gel electrophoresis,
and the remainder of the PCR products were pooled
according to the intensity of ethidium-bromide staining.
Two microliters of the pool was analyzed on an ABI
373A automated sequencer, and allele sizes were deter-
mined against the ABI Genescan 500-rox (6-carboxy-
rhodamine) size standard, by use of the Genescan and
Genotyper software. Alleles were globally binned by use
of a simple computer program and were numbered in
order of size (table 1).

IL1A 2889, IL1B 2511, and IL1RN VNTR markers
were genotyped by PCR RFLP as described elsewhere
(di Giovine et al. 1992; Tarlow et al. 1993; McDowell
et al. 1995). The IL1 VNTR polymorphism is essentially
biallelic in this data set, since only four-repeat and two-
repeat alleles were detected. IL1B 13953 PCRs were
carried out with primers 5′-CTC AGG TGT CCT CGA
AGA AAT CAAA and 5′-GCT TTT TTG CTG TGA
GTC CCG, for 35 cycles, with annealing at 67.57C. The
resulting PCR products were digested with restriction
enzyme TaqI. Allele 1 yielded fragments of 97, 85, and
12 bp, and allele 2 yielded fragments of 182 and 12 bp.

Physical Distances

Intergenic distances were determined by estimation
based on restriction-fragment sizes from genomic DNA
(Nicklin et al. 1994) and the insert sizes of relevant P1
artificial chromosome clones from a contig spanning the
IL-1 gene cluster (Nothwang et al. 1997). Intragenic dis-
tances were determined from the relevant nucleotide se-
quence obtained from the GenBank database (http://
www.ncbi.nlm.nih.gov/Web/Genbank/).

Estimation of Linkage Disequilibrium

The estimate haplotype frequencies (EH) program
(Terwilliger and Ott 1994) was used to determine max-
imum-likelihood estimates of disequilibrium ( ) be-D̂ij

tween each pairwise combination of alleles, where
and pi and qj are the frequencies for alleleD 5 h 2 p qij ij i j

i at locus 1 and for allele j at locus 2, respectively, and
hij is the frequency of haplotype ij. The program cal-
culates maximum-likelihood values for the haplotype
frequencies (and, hence, the allele frequencies) under H0

(no association) and for the haplotype frequencies under
H1 (allelic association allowed). However, for markers

with 12 alleles, the EH estimates for allele frequencies
correlated poorly with the allele frequencies as estimated
directly from the sample population and, therefore, gave
no confidence to the estimates given. It was thereforeD̂ij

necessary to group alleles of the multiallelic markers into
a biallelic system. Analysis of the markers in a biallelic
format has the added advantage that the notations ,D̂ij

pi, and qj can be simplified to , p, and q, respectively,D̂
where we define p and q to be the frequencies of the
rarer alleles at loci 1 and 2 (such that, without loss of
generality, ) and to be the estimated dis-ˆp X q X .5 D
equilibrium between those alleles. Under a biallelic sys-
tem, power is also much simpler to determine by use of
the equations detailed by Hill (1974) (see Appendix). In
addition, the sign of becomes informative, such thatD̂

is positive when the rarer alleles at each of the twoD̂
loci are associated and negative when the rare allele at
one locus is associated with the common allele at the
other locus.

Since the method of allele grouping clearly affects the
power to detect disequilibrium (Weir and Cockerham
1978), a preliminary analysis was carried out to inves-
tigate three different grouping methods. The three meth-
ods used were the following: (1) The “common allele
versus the rest” method compared the most common
allele (see table 1) against the remaining alleles grouped
together. (2) The “allele size” method grouped the alleles
according to the bimodal distribution of allele frequency
versus size (see table 1). The groupings were as follows:
for 222/223, alleles 1–4 and alleles 5–10; for gz5/gz6,
alleles 1–3 and allele 4; for gaat, alleles 1 and 2 and
alleles 3 and 4; and, for Y31, alleles 1–4 and alleles 5–12.
(3) The d method used the observed allelic associations
between pairs of markers to determine the grouping, as
follows:

i. The value of was calculated forÎd 5 (o 2 e )/ eij ij ij ij

each haplotype, where eij is the expected number of hap-
lotypes ij, assuming equilibrium ( , where n ise 5 2np qij i j



Cox et al.: Linkage Disequilibrium in the IL-1 Genes 1183

Figure 2 Grouping diagram for the marker pair 222/223 and
gz5/gz6, by use of the d method. Parentheses indicate 1.0 X e ! 5.0ij

and (for details, see text).d 1 1ij

Table 3

Multiallelic Marker Allele Grouping, by Use of the d Method

MARKER

ALLELE GROUPING

gz5/gz6 2889 13953 2511 gaat Y31 VNTR

222/223
(1–3)(4)

(4,5)(1–3,6–10)
(1)(2)

(1–3)(4–10)
(1)(2)

(1–3)(4–10)
(1)(2)

(4,5)(1–3,6–10)
(1,2,4)(3)

(4,5)(1–3,6–10)
(1,5,6)(2–4, 7–11)
(1–3,6)(4,5,7–10)

(1)(2)
(1–3)(4–10)

gz5/gz6 )
(1)(2)

(1–3)(4)
(1)(2)

(1–3)(4)
(1)(2)

(1–3)(4)
(1,2,4)(3)
(1–3)(4)

(1,9–11)(2–8 )
(1–3)(4)

(1)(2)
(1–3)(4)

gaat )
(1)(2)

(1–3)(4)
(1)(2)

(1–3)(4)
(1)(2)

(1,2,4)(3)
)

(1,5–11)(2–4 )
(1,2,4)(3)

(1)(2)
(1,2,4)(3)

Y31 )
(1)(2)

(1–6)(7–11)
(1)(2)

(1–6)(7–11)
(1)(2)

(1,5–11)(2–4)
) )

(1)(2)
(1,5–11)(2–4)

NOTE.—In each case, the groupings for the column-heading markers are given in the top row, and the groupings for the markers in
column 1 are given in the bottom row.

the number of individuals in the study), and where oij

is a basic estimate for the observed haplotype count,
determined as follows: Genotypes that could be unam-
biguously resolved were haplotype counted. Those that
could not be unambiguously resolved were double het-
erozygotes (i1, i2/j1, j2), which could be assigned to two
possible haplotype sets, either (i1j1, i2j2) or (i1j2, i2j1).
By use of the haplotype frequencies estimated from the
unambiguous haplotype count, the probability of each
set was calculated and used as a “partial” count. In this
way, haplotype scores for the ambiguous genotypes were
obtained, and the total scores (ambiguous plus unam-
biguous) constituted the oij’s used for dij.

ii. For each two-locus allele combination for which
and , a plus sign (1) or a minus signe x 5.0 d 1 1.0ij ij

(2) (indicating the sign of the deviation) was entered in
the relevant cell of the grouping table. Table 2 shows
the oij, eij, and dij values for the relevant allelic combi-
nations for the 222/223 and gz5/gz6 pairing, and figure
2 shows the resulting grouping table for this pair.

iii. Dividing lines were drawn on to the grouping table,
between any opposite signs that were adjacent and in
the same row or column (see fig. 2). (a) If the opposing
signs directly flanked each other, the line position was
unambiguous, and these lines were drawn. (b) For am-
biguous lines, additional plus (1) and minus (2) signs
were entered for the interim cells if and1.0 X e ! 5.0ij

, and the lines were drawn accordingly. Thesed 1 1.0ij

additional plus (1) and minus (2) signs are shown in
parentheses in figure 2, and eij and dij values for the
corresponding allele combinations are in parentheses in
table 2. (c) If line assignments were still ambiguous, a
line was drawn at any position between the closest op-
posing signs.

iv. The grouping table then was used to form the allele
groupings. To group the first locus, the table was read
top to bottom and then, for the second locus, left to
right. Each time a dividing line was crossed, the sub-
sequent alleles were assigned to the opposite group.

Thus, for the 222/223 and gz5/gz6 pairing, the alleles
of 222/223 were divided into two groups: one group
containing alleles 1–3 and 6–10 and the other containing
alleles 4 and 5. Likewise, gz5/gz6 alleles were divided
into one group containing alleles 1–3 and another con-
taining allele 4 only (fig. 2 and table 3).

In order to compare the degree of disequilibrium be-
tween different pairwise combinations of loci, a fre-
quency-independent measure of disequilibrium ( , theD̃
proportion of maximum possible disequilibrium in the
given direction) was calculated, where .˜ ˆD 5 D/ d D dmax

Without loss of generality, we have assumed that p X

, and therefore , suchq X 0.5 2pq X D X p(1 2 q)
that if then , or if thenˆ ˆD ! 0 D 5 2pq D 1 0max

.D 5 p(1 2 q)max
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Table 4

Values for Three Methods of Grouping Alleles at theD̃
Multiallelic Marker Loci

MARKER

VALUED̃

d Method
“Common Allele
vs. Rest” Method

“Allele Size”
Method

gz5/gz6 .87 .79 .77
2889 .83 .81 .98
13953 .71 .74 .77
2511 .54 .15a .61
gaat .43 .03a .53
Y31 .38 .12a .16a

VNTR .5 .48 .04a

NOTE.—The values given are for the disequilibrium be-
tween 222/223 and the other markers listed.

a Indicates no significance at the level, even beforeP 5 .05
correction for multiple comparisons.

Table 5

Disequilibrium ( /FDmaxF) and Physical Distances between Marker Loci˜ ˆD 5 D

222/223 gz5/gz6 2889 13953 2511 gaat Y31 VNTR

222/223 ) .872 .829 .710 .535 .433 2.379 2.499
gz5/gz6 2.5 ) 2.889 2.695 .540 .517 2.681 .286
2889 10 4.5 ) .804 2.264 .337 2.462 2.207
13953 55 55 50 ) 2.617 .409 2.894 2.439
2511 60 60 55 4.5 ) .691 2.339 .448
gaat 260 260 255 205 200 ) 2.470 .442
Y31 310 310 305 255 250 50 ) 2.533
VNTR 380 380 375 325 320 120 70 )

NOTE.—Disequilibrium values are shown at the top right, and approximate physical distances (in
kb) are shown at the bottom left. Intergenic distances are given to the nearest 5 kb and intragenic
distances to the nearest 0.5 kb.

Output from the EH program includes the log like-
lihoods for the maximum-likelihood–parameter values
under H0 and H1, and, since , where222ln(L /L ) ∼ x0 1 1

L0 and L1 are the likelihoods under H0 and H1, the P
values then could be determined for each test. The as-
ymptotic variance for , under H0 ( ) and H1 wereD̂ D 5 0
computed by use of the formulas defined by Hill (1974)
for genotypic data (see Appendix). By use of these for-
mulas, the power to detect 50% Dmax for each pairwise
comparison was calculated.

Possible haplotypes were identified by inspection of
the dij’s described above, and these haplotypes were
backed up by the magnitude and direction of the dise-
quilibria observed. For multiallelic loci, the allele in the
group that contributed most to the disequilibrium has
been identified on the haplotype. To estimate the pop-
ulation haplotype frequencies, rates of carriage of at least
one copy of the relevant alleles in the population were
determined. These do not represent true haplotypes,
since the phase is unknown. Monte Carlo–simulation
techniques were used to test for significant deviation
from a simulated null distribution for these combined
carriages, under the assumption of no association. Hap-

lotype reconstruction was performed, by use of Gene-
hunter (Kruglyak et al. 1996), to determine maximum-
likelihood haplotypes from family data, in order to con-
firm the proposed haplotypes identified in the population
sample.

Results

Figure 1 shows the relative positions of the eight
marker loci used in this study. DNA samples from 212
unrelated healthy volunteers were genotyped for each of
these markers, and the resulting estimates of allele fre-
quencies are shown in table 1. In order to determine the
linkage disequilibria between pairwise combinations of
loci, the EH program was used (Terwilliger and Ott
1994). This program was found to be most efficient
when used with biallelic systems, and, since there are
other advantages of using a biallelic format (see Subjects
and Methods), we compared three grouping strategies
for the multiallelic marker alleles. The first two methods
were a “common allele versus the rest” approach and
an “allele size” approach. The latter was based on the
bimodal distribution of allele sizes, which was observed
for all the multiallelic markers examined. The third
method, a novel strategy termed the “d method,” in-
corporated, into the grouping strategy, information
about the observed allelic associations between pairs of
markers, such that disequilibrium between subsets of
alleles was not masked. The grouping strategies are de-
scribed fully in Subjects and Methods, and the d method
is illustrated for 222/223 and gz5/gz6 in table 2 and
figure 2. Table 3 shows, for all pairwise marker com-
binations, the actual grouping that resulted from the d

method. Other than those for gz5/gz6, the groupings
differed for different pairwise comparisons, but there
were consistencies: for gaat, alleles 3 and 4 were always
in opposite groups, and, for 222/223, alleles 4 and 5
and 1–3 were always in opposition. The grouping for
Y31 showed the most variation, because Y31 is the most
polymorphic marker (see Discussion).

The disequilibria between pairs of loci were expressed
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Table 6

Power to Detect 50% Dmax and P Values of 22ln (L0/L1)

222/223 gz5/gz6 2889 13953 2511 gaat Y31 VNTR

222/223 ) ∼100 (1) ∼100 (1) 98 (1) ∼100 (1) ∼100 (1) 84 (2) 93 (2)
gz5/gz6 ! 1 # 10210 ) 87 (2) 60 (2) ∼100 (1) ∼100 (1) 81 (2) ∼100 (1)
2889 ! 1 # 10210 3 # 1028 ) ∼100 (1) 96 (2) 89 (1) 70 (2) 78 (2)
13953 1 # 1027 .009a ! 1 # 10210 ) 79 (2) 97 (1) 42 (2) 52 (2)
2511 1 # 1029 4 # 10210 .095a .026a ) ∼100 (1) ∼100 (2) ∼100 (1)
gaat 9 # 1028 2 # 1029 .017a 5 # 1024 ! 1 # 10210 ) 98 (2) ∼100 (1)
Y31 .034a 1 # 1024 .011a 1 # 1025 .002a 2 # 1024 ) 97 (2)
VNTR .001 .001 .298a .118a 8 # 1026 1 # 1029 4 # 1025 )

NOTE.—Power is shown at the top right, with the sign of disequilibrium in parentheses; P values are shown (uncorrected)
at the bottom left. For an overall significance level of , a pointwise significance level of .0018 should be used forP 5 .05
28 comparisons.

a Not significant at threshold.P 5 .0018

as ; the ratio of to its maximum value, Dmax, and˜ ˆD D
the values for all the comparisons involving 222/223,D̃
under the three grouping methods, are shown in table
4. It can be seen that significant disequilibrium is not
detected in several instances using the “common allele
versus the rest” and the “allele size” grouping strategies.
Note that disequilibrium is not detected between 222/
223 and IL1B 2511 and gaat, in the “common allele
versus the rest” approach; between 222/223 and Y31,
in both the “common allele versus the rest” and the
“allele size” approaches; or between 222/223 and the
IL1RN VNTR, in the “allele size” approach. Therefore,
the remainder of the analyses were carried out by group-
ing the alleles by use of the d method.

Table 5 shows the disequilibrium ( ) values for allD̃
28 possible pairwise comparisons, together with the ap-
proximate physical distances (in kilobases) between the
loci. Table 6 shows the power to detect 50% Dmax for
each locus combination and the P values for each cor-
responding . Significant linkage disequilibrium (D̂ P !

for 28 tests) was detected between most combi-.0018
nations of loci, and only three marker combinations
were nonsignificant before correction for multiple testing
( ). The correlation between disequilibrium and˜P 1 .05 D
physical distance was ( , one-tailed)r 5 2.540 P 5 .001
(fig. 3).

Examination of which alleles of the multiallelic loci
were contributing the most to the disequilibrium (from
the determination of dij; see Subjects and Methods) re-
vealed the existence of two haplotypes containing alleles
of all eight loci. This observation was backed up by
examination of the haplotype frequencies and disequi-
librium values obtained after the grouping. The first hap-
lotype (alleles 4 4 1 1 2 3 3 2, in chromosome order
from 222/223 to the IL1RN VNTR) is the most common
(carriage of 34/198) and is present seven times more
frequently than expected (expected carriage of 4.5/198;

). The second haplotype (alleles 3 3 2 2 1 4 626P ! 10
1; carriage of 2/206) was present four times more fre-
quently than expected (expected carriage of 0.5/206),

but this was not statistically significant ( ). SinceP 5 .11
phase cannot be determined by use of data from unre-
lated individuals, haplotype reconstructions using data
from 14 Caucasian families were determined by use of
the Genehunter program (Lander and Kruglyak 1996).
This confirmed the existence of the more-common hap-
lotype, for 20 individuals, including eight unrelated
founders from six families, possessing 4 4 1 1 2 3 3 2
as one of their maximum-likelihood haplotypes.

Discussion

In this study, we determined the degree of linkage
disequilibrium in the IL-l gene cluster, using a new
grouping method (the d method) for multiallelic mark-
ers, in an attempt not to mask disequilibrium by group-
ing together two alleles that are in disequilibrium with
different alleles at an adjacent marker locus. The sign
and magnitude of the disequilibrium ( ) clearly has littleD̃
meaning when the overall value for the collapsed “al-D̃
lele” results from a combination of positive and negative
disequilibria for the individual alleles. In our data, the
d method compares favorably with the two other meth-
ods, in terms of sensitivity. The disadvantages of the d

method include that it is less straightforward than the
other strategies. Also, the information used for the
grouping was based on an estimate for the “observed”
haplotype frequencies (see Subjects and Methods). For
highly polymorphic markers, the increased heterozygos-
ity means that the estimates for are less accurate, be-dij

cause of the lower proportion of unambiguous haplo-
types. This is especially problematic if both marker loci
are highly polymorphic. It therefore is progressively
more difficult to group the alleles with confidence as the
markers become more polymorphic. In some cases,
grouping alleles in opposite disequilibrium is unavoid-
able, and therefore it is inevitable that some disequilib-
rium will be masked when a highly polymorphic marker
such as Y31 is forced into a biallelic system. For situ-
ations in which a collapsed biallelic system is required,
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Figure 3 Correlation between disequilibrium and physical dis-
tance. Disequilibrium values ( ) and physical distances were deter-D̃
mined as described in the text. Values are for ( ,r 5 2.540 P 5 .001
one-tailed).

Table 7

Two-Locus Genotype Frequencies

LOCUS 2
GENOTYPE

FREQUENCY, AT LOCUS 1 GENOTYPE OF

AA Aa aa

BB
2y 5 h1 1 y 5 2h h2 1 3

2y 5 h3 3

Bb y 5 2h h4 1 2 y 5 2(h h 1 h h )5 1 4 2 3 y 5 2h h6 3 4

bb
2y 5 h7 2 y 5 2h h8 2 4

2y 5 h9 4

however, the d method uses the maximum amount of
prior knowledge, when grouping the alleles of a mul-
tiallelic system, and is worthy of further investigation in
other systems.

The data presented here indicate a moderate degree
of linkage disequilibrium across an ∼400-kb stretch of
chromosome region 2q13. Overall, there was a reason-
able correlation between physical distance and linkage
disequilibrium ( , , one-tailed) (fig. 3),r 5 2.540 P 5 .001
in accordance with other studies of a similar distance
(Jorde et al. 1994). The disequilibrium was strong for
the three markers within the IL1A gene (table 5), but
within the IL1B gene only a moderate value of D̃
(2.617; 13953/2511) was obtained; although nomi-
nally significant, this was not significant when corrected
for multiple comparisons. Other, smaller studies have
shown much weaker disequilibrium within the IL1B
gene; for example, Guasch et al. (1996) reported no
significant disequilibrium, in a smaller sample size, be-
tween the 13953 polymorphism and an AluI polymor-
phism in the promoter, at position 231. In contrast, the
degree of disequilibrium between several biallelic mark-
ers in positive disequilibrium within the IL1RN gene is
very strong (Clay et al. 1996; Guasch et al. 1996). For
this study, we genotyped only one marker in IL1RN,
since five other biallelic markers previously had been
found to be in complete association with IL1RN (Clay
et al. 1996). Jorde et al. (1994) found that intragenic
disequilibrium tended to be higher than expected; for
IL1B, the departure from this rule probably is due to
the reduction in power when disequilibrium is in the
negative direction (Thompson et al. 1988) but also may
reflect the age of the polymorphisms.

In general, an understanding of which markers are in
strong linkage disequilibrium allows for the more ra-
tional design of genetic studies. In the IL-1 system in
particular, where alleles of different IL-1 genes may act
in concert to determine an overall inflammatory phe-
notype, a knowledge of the existing disequilibria is vital
to our understanding of which allele combinations are
important in disease.
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Appendix

Variance and Power Estimation

Variance

Without loss of generality, we labeled ,p X q X .5
such that p is the allele frequency for the rare allele A
at locus 1 and q is the frequency for the rare allele B at
locus 2. By use of this notation, the four possible hap-
lotype frequencies can be written as follows:

h 5 pq 1 D ,1

h 5 p(1 2 q) 2 D ,2

h 5 (1 2 p)q 2 D , and3

h 5 (1 2 p)(1 2 q) 1 D ,4

for haplotypes AB, Ab, aB, and ab, respectively. From
these equations, the two-locus genotype frequencies
shown in table 7 can be derived.

Let 5 n) represent the number of two-locus9n (O ni i51 i

genotypes yi in a sample of n individuals, and let v be
the vector of parameters, such that , , andv 5 p v 5 q1 2

. Then, the likelihood equation is given byv 5 D3



Cox et al.: Linkage Disequilibrium in the IL-1 Genes 1187

9
n! ni( )L v 5 P y ,9 i

i51Pn !i
i51

such that the log likelihood is

9

( )l(v) 5 ln L v 5 n ln(y ) 1 K ,[ ] O i i
i51

where K is a constant.
Maximum-likelihood–estimation values for p, q, and

D are found by solving the differential equation
, for , and the asymptotic var-l (v) /v 5 0 i 5 1, 2, 3i

iance-covariance matrix, V(v), can be calculated by use
of the equation

21V(v) 5 I (v) , (A1)

where I(v) is the Fisher information matrix, defined as

2 ( ) l v
I(v) 5 E 2 . (A2)( )[ ]

v vj k jkth element

Now,

92 2 l(v) n  y n y yi i i i i5 2 ,O ( ) ( ) ( ) ( ) ( )[ ]2v v y v v y v vki51j k i j k i j

for , and, since and ,j, k 5 1, 2, 3 E(n ) 5 ny O y 5 1i i i

so that , equation (A2) can be writ-9 2O ( y /v v ) 5 0i51 i j k

ten as

9
y yi i 21I(v) 5 n y . (A3)O i( )v vi51 j k jkth element

The asymptotic variance-covariance matrix is then the
inverse of equation (A3), for n genotypic observations,
with the 3-3 element the asymptotic variance for the
disequilibrium, D.

Power

Let V(D) be the asymptotic variance for the disequi-
librium measure, D, calculated from equation (A1). Let
V1(D) be this variance for a single observation, such that

is the equivalent for n observations.V (D) 5 V (D)/nn 1

Then, under the null hypothesis, , Vn(D) sim-H :D 5 00

plifies to

p(1 2 p)q(1 2 q)
V (D 5 0) 5 .n n

Unfortunately, for , there is no explicit formula,D ( 0
and the variance must be calculated numerically, as in-
dicated in equation (A1).

The critical value for rejection of the null hypothesis,
at the 5% significance level, is 1.96, such that H0 is
rejected if

D̂ 2 0
1 1.96 orF FÎ ( )V D 5 0n

p(1 2 p)q(1 2 q)ˆF FD 1 1.96 .Î
n

In the main text, we quoted the power to detect 50%
of the maximum possible disequilibrium attainable,
Dmax. The power to detect a true disequilibrium of

—specifically, in this case, —is foundD ( 0 D 5 .5Dmax

as follows:

Power 5 P(reject H :D 5 0/D ( 0)0

p(1 2 p)q(1 2 q)ˆF F5 P D 1 1.96 /D ( 0Î( )n

p(1 2 p)q(1 2 q)ˆ5 P D ! 21.96 /D ( 0Î( )n

p(1 2 p)q(1 2 q)ˆ1 P D 1 1.96 /D ( 0Î( )n

Î Î2[1.96 p(1 2 p)q(1 2 q) 1 nD]
5 F ( )Î ( )V D1

Î21.96 p(1 2 p)q(1 2 q)
1 F ,( )Î ( )V D1

where F(7) is the cumulative probability for the standard
normal distribution and where V1(D) is calculated by
use of equation (A1), for a single observation.
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